T cells can reject established tumors when adoptively transferred into patients, thereby demonstrating that the immune system can be harnessed for cancer therapy. However, such passive immunotherapy is unlikely to maintain memory T cells that might control tumor outgrowth on the long term. Active immunotherapy with vaccines has the potential to induce tumor-specific effector and memory T cells. Vaccines act through dendritic cells (DCs) which induce, regulate and maintain T cell immunity. Clinical trials testing first generation DC vaccines pulsed with tumor antigens provided a proof-ofprinciple that therapeutic immunity can be elicited. The increased knowledge of the DC system, including the existence of distinct DC subsets is leading to new trials which aim at improved immune and clinical outcomes.
INTRODUCTION
Vaccination relies on dendritic cells (DCs), the professional antigen presenting cells that induce and regulate immune responses. To allow resistance to infection and tolerance to self, DCs have developed functional plasticity and subsets [1] . The two major subsets are the myeloid DCs (mDCs) and the plasmacytoid DCs (pDCs). This diversity permits the adaptive immune system to mount functionally distinct types of responses. In this review, we will briefly summarize our progresses on the topic of DCs and cancer, and discuss how this new knowledge will permit us to design improved cancer vaccines.
DENDRITIC CELLS IN VACCINATION AGAINST CANCER
Ex vivo-generated DCs have been used as therapeutic vaccines in patients with cancer for over a decade and early studies have been discussed in detail elsewhere [2] . While a fraction of patients can experience durable tumor regressions [3] , the most common outcome of the current DC vaccination protocols is a demonstration of expanded antigen-specific immunity, most often using IFN-γ ELISPOT, but no durable objective tumor regression.
Altogether, three outcomes emerge from our studies: 1) Patients who do not mount immune response to melanoma antigens presented on DC vaccines. These patients are usually early clinical progressors. Their responses to control antigens such as KLH or viral peptides (Flu-M1 or CMV) are preserved in most cases, indicating that they cannot mount tumor-specific responses. In vitro experiments indicated that T cells of several patients can be primed to differentiate into CTLs with specificity for multiple melanoma antigens [4] . Thus, tumor antigen-specific CD8 + T cells are kept anergic rather than deleted. 2) Patients who show melanoma-antigen specific immunity, but do not experience durable objective tumor regression. The most common outcome of current DC vaccination protocols is the induction of immune responses in the absence of clinical responses. Improved immunomonitoring is expected to provide insights into the mechanisms of immune efficacy as discussed hereunder. 3) Patients who mount immune responses and experience clinical benefit. Vaccination with DCs can elicit therapeutic immunity and our challenge is to identify approaches that will increase the fraction of patients who experience durable tumor regression and/or prolonged survival.
The quality of elicited antigen-specific immune responses
Establishing causative links in clinical studies is a difficult task which often requires large patient cohorts. The current data suggest an association between the tumor-specific CD8 + T cell responses and clinical outcomes. In our view, four critical components will determine whether the induced immune response will be therapeutic: 1) the quality of elicited CTLs; 2) the quality of induced CD4 + helper T cells; 3) the elimination and/or non-activation of Tregs; and 4) the breakdown of immunosuppressive tumor microenvironment.
Indeed, the immune responses elicited by earlier DC vaccines might not be of the quality needed to allow the rejection of the tumors, for example low avidity T cells which are susceptible to suppressive factors and cells within the tumor environment [5] . Furthermore, the induced T cells might not migrate into the tumor lesions [5, 6] , for example the expression of CXCR3 in blood CD8 + T cells might be necessary, as it appears to correlate with survival in patients with melanoma [7] . Finally, the tumor micro-environment might inhibit effector T cell functions, for example by action of myeloid derived suppressor cells [8] and Tregs [9] .
The recent progresses in immunomonitoring of specific immune responses in the blood and at the tumor site should help us address these questions [3, 10] . Modern approaches including polychromatic flow cytometry rather than the analysis of a single cytokine (e.g., IFN-γ ELISPOT) and/or frequency of tetramer positive cells will contribute to a better assessment of the quality of the immune responses elicited in the patients. Indeed, several studies, mostly performed in the context of HIV vaccines, have led to the conclusion that a mere measurement of the frequency of IFN-γ secreting CD8 + T cells is insufficient to evaluate the quality of vaccine-elicited immunity [5] .
HUMAN MYELOID DENDRITIC CELL SUBSETS
The best studied human mDC subsets are those from skin, where three subsets can be identified. The epidermis hosts only LCs while the dermis displays two mDC subsets, CD1a + DCs and CD14 + DCs, as well as macrophages [11, 12] . LCs and CD14 + DCs differ in their molecular profiles ( Figure 1 ) including cytokines they secrete upon activation. While CD14 + DCs produce a large set of soluble factors including IL-12, LCs produce only a few cytokines, including IL-15 [13] . As we discuss hereunder, this distinct cytokine secretion pattern might contribute to the unique biological functions of these DC subsets.
Dermal DCs, antibody responses and IL-12
In the mid 90's, we observed that CD14 + DCs derived from CD34 + hematopoietic progenitor cells (HPCs) induce CD40-activated naïve B cells to differentiate into IgM-producing plasma cells through the secretion of IL-6 and IL-12 [14] . A decade later, we found that CD14 + DCs induce naïve CD4 + T cells to differentiate into cells with properties of T follicular helper cells (Tfh), a CD4 + T cell subset specialized in B cell help [15] . There, CD4 + T cells primed by CD14 + DCs help naïve B cells to produce large amounts of IgM, and switch isotypes towards IgG and IgA. This ability to regulate B cell differentiation appears unique to CD14 + DCs, as LCs are unable to do so. Acquisition of Tfh phenotype and function depends on IL-12p70, which endows activated CD4 + T cells with the capacity to help the differentiation of antibody secreting cells (ASCs) via IL-21 [16] .
Thus, IL-12 appears to contribute to humoral immunity in humans through two different paths: a direct path in DC-B interaction, and an indirect path through DC-T cell interaction and induction of Tfh cells (Figure 1 ). These two paths might act simultaneously in vivo, through the "ménage à trois" formation of antigen-presenting DCs with antigen-specific T cells and B cells at extrafollicular sites, as recently illustrated through in vivo imaging in mice [17] .
These findings might explain only very modest clinical efficacy of systemic IL-12 administration in cancer patients [18, 19] . Furthermore, the injection of IL-12 into tumor sites of head and neck cancer patients resulted in the activation of B cells in the draining lymph nodes, which was associated with their infiltration into tumor sites and tumor regression [20] . Thus, adjuvants that promote the secretion of IL-12 might improve vaccines aimed at induction of neutralizing antibodies in humans, not necessarily those aimed at induction of CD8 + T cell responses.
LCs and CD8+ T cell responses
LCs induce a robust proliferation of naïve allogeneic CD8 + T cells when compared to CD14 + DCs [13] . When pulsed with MHC class I peptides derived from tumor or viral antigens, LCs are far more efficient than CD14 + DCs in the priming of antigen-specific CD8 + T cells. LCs are also efficient in cross-presenting peptides from protein antigens to CD8 + T cells. CD8 + T cells primed by LCs show high avidity in tetramer binding assays and express higher levels of cytotoxic molecules, such as granzymes and perforin. Accordingly, they are remarkably more efficient in killing target cells; in particular tumor cells that express low levels of peptide/HLA complexes [13] . Our preliminary studies suggest that IL-15 might explain the remarkable effects of LCs on the development of CTL responses.
BUILDING ON DENDRITIC CELL SUBSETS TO IMPROVE VACCINES
The results summarized above prompted us to hypothesize that the two different arms of adaptive immunity, i.e., the humoral and cellular arms, are differentially regulated by the two skin mDC subsets. In this view, humoral immunity is preferentially initiated by CD14 + dermal DCs, while cellular immunity is preferentially regulated by LCs (Figure 1 ).
It has become apparent that the cytokine combinations used to differentiate monocytes into DCs are critical for the quality of the elicited T cell responses (Figure 2 ). For example, DCs generated with GM-CSF and IL-15 include cells with the phenotype and characteristics of LCs and are far more efficient in vitro in priming melanoma-antigen specific CD8 + T cells than DCs derived with GM-CSF and IL-4 [21, 22] . Thus, vaccination with IL15-DCs might yield improved clinical responses and we are initiating such clinical trials. Another critical parameter is the DC activation pathway. For example, IL-4 DCs activated with a cocktail of IFN-α, polyI:C, IL-1β, TNF, and IFN-γ induce up to 40 times more melanoma-specific CTLs in vitro than DCs matured with the "standard" cocktail of IL-1β/TNF/IL-6/prostaglandin E 2 (PGE 2 ) [23] . Additional studies will be necessary to establish the therapeutic value of these newer ex vivo generated DC vaccines in patients. These studies are critical to the understanding of the human immune system because they permit us to assess in vivo the type of immune responses elicited by human DCs generated in different cytokine environments. This in turn is essential to building a novel approach to vaccination based on delivering antigens directly to DCs in vivo using chimeric proteins that are composed of an anti-DC receptor antibody and an antigen (DC targeting). Studies in mice demonstrate that the specific targeting of antigen to DCs in vivo results in considerable potentiation of antigen-specific CD4 + and CD8 + T cell immunity [24, 25] . These pioneering studies have been already extended to demonstrate the targeting of tumor antigens to DCs [26] and Langerhans cells (LCs) in animal models [27, 28] and the generation of anti-tumor immunity [29] . The therapeutic success of these vaccines will build on the recent knowledge and progresses in our understanding of the biology of human DC subsets, cutaneous myeloid DCs (mDCs) in particular.
Our studies suggest that targeting LCs for antigen delivery will be optimal for the induction of potent antigen-specific CTL response. There, LC-specific molecule, such as Langerin, can be used as a target DC receptor [30] . Dermal CD14 + DCs might represent the appropriate target for the induction of potent humoral responses. Selection of an appropriate adjuvant is also a critical parameter for the induction of the immunity of the desired type. For example, although TLR-ligands are widely considered to promote protective immunity against infectious agents, selecting the appropriate ligand will be critical. For instance, TLR2 ligation, which promotes the induction of Tregs rather than Th1 or Th17 cells [31] , does not appear to be a preferred option for cancer vaccines. Furthermore, certain lectins [32] [33] [34] [35] [36] [37] , including Dectin-1, LOX-1 and DC-SIGN, deliver intracellular signaling to activate DCs. These features of DC-lectins may place them as gatekeepers for controlling the early stage of immune responses. Thus, the challenge is to match the molecular target on DCs with the desired immune outcome, mimicking in many ways the natural role of these DC receptors to fine tune responses appropriate to the infection.
CONCLUDING REMARKS
The considerable progresses made in knowledge of DC biology as well as effector/regulatory T cell biology clearly open the avenues for development of vastly improved clinical protocols (Figure 3) . Importantly, rather than the quantity of IFN-γ secreting CD8 + T cells, we should aim at generating high quality and high avidity poly-functional effector CD8 + T cells able to reject tumors and long-lived memory CD8 + T cells able to prevent relapse. The capacity of LCs and CD14 + DCs to preferentially prime, respectively, cellular immunity and humoral immunity has significant implications, most particularly in the context of novel human vaccines. Targeting LCs will be important for the design of vaccines that aim at eliciting strong cellular immunity. Therapeutic vaccination in patients with non-resectable metastatic cancer will require combination therapies. These will be tailored to the patient and to the specific suppressive pathways that the patient displays. These pathways will be determined at the antigen-non-specific level via genomic studies on blood and tumor samples as well as proteomics, and at the antigen-specific level (T regs) using EPIMAX and related methods. We envision that targeting antigens and activation of distinct mDC subsets, with different specializations, will result in the generation of a broad and long lived immune protection. Thus, the most efficient vaccines might be those that will target both LCs and dermal CD14 + DCs thereby allowing the maximal stimulation of cellular and humoral immune responses and the generation of long-term memory protection. New generation DC vaccines: Improved next generation DC vaccines will harness Langerhans cells and microbial activation signals leading to: i) secretion of high amounts of cytokines such as IL-12, which will generate strong Th1 response and helper function for generation of memory T cells; and IL-15 which will help generation of high avidity CTLs that might be resistant to tumor microenvironment; and ii) strong costimulation mediated via at least three molecular pathways such as CD80, CD70 and 4-1BB. This in combination with therapies that will permit to eliminate T regs and block tumor microenvironment will results in the full activity of elicited CTLs and tumor rejection. 1) Vaccines based on antigen with or without adjuvant that target DCs randomly. That might result in vaccine antigens being taken up by a "wrong" type of DCs in the periphery which might lead to "unwanted" type of immune response. Vaccine antigens could also flow to draining lymph nodes where they can be captured by resident DCs; 2) Vaccines based on exvivo generated tumor antigen-loaded DCs that are injected back into patients; and 3) specific in vivo DC targeting with anti-DC antibodies fused with antigens and with DC activators. 4) Next generation clinical trials will test combination therapies to offset tumor-induced suppression.
